The growth inhibition of Salmonella typhimurium aziA mutants by sodium azide is reversed by cystine and related compounds. NADPH-sulphite reductase (hydrogen-sulphide : NADPf oxidoreductase; EC 1 .8.1.2), an enzyme of cysteine biosynthesis, is inhibited in cell extracts by sodium azide. AziB mutants which are able to grow in the presence of the inhibitor without cystine were isolated. About half of them were mapped in the cysK gene and have only residual activity of its product, 0-acetylserine sulphydrylase A [0-acetyl-Lserine acetate-lyase (adding hydrogen-sulphide) ; EC 4.2.99.81. Sensitivity of wild type and aziA mutants to azide was also reversed by a constitutive mutation in cysB, the regulatory gene of cysteine biosynthesis. CysK and cysB mutants showed cross-resistance to azide and 1,2,4-triazole, It is suggested that the resistance of these mutants to azide is due to an increased activity of NADPH-sulphite reductase.
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I N T R O D U C T I O N
The addition of azide to cultures of Salmonella typhimurium or Escherichia coli results in inhibition of their growth. Mutants resistant to azide bear mutations in the azi locus which is closely linked to the leu operon, both in E. coli (Yura & Wada, 1968) and in S. typhimurium where the gene has been designated aziA (Cieila et al., 1972) . The function of the azi gene product is unknown.
The expression of resistance resulting from aziA mutations in S. typhimurium was found to depend on the composition of the medium. The aziA mutants were able to grow in the presence of azide only in rich media or in minimal medium supplemented with cystine.
In this paper we report the isolation of S typhimurium mutants able to grow in the presence of azide without cystine or related compounds. Evidence is presented that azide inhibits NADPH-sulphite reductase, an enzyme of cysteine biosynthesis, and that mutations in the cysK or cysB genes suppress the inhibitory effect of azide on cysteine biosynthesis.
METHODS
Chemicals. 0-Acetylserine was synthesized by the method of Sakami & Toennies (1942) and kindly provided by Dr M. D. Hulanicka. All other chemicals were products of Sigma, except for L-djenkolic acid purchased from Calbiochem and carrier-free Na235S04 obtained from IBJ, Swierk, Poland.
Media. Medium C of Vogel & Bonner (1956) supplemented with 0-5 % (w/v) glucose was used routinely.
In some experiments minimal BS medium was used. This was identical to medium C except that it contained an equimolar amount of MgC12 instead of MgS04. Minimal media for auxotrophs were supplemented with L amino acids (40 pg ml-l), thiamin (4 pg ml-l) and adenine (80 p u g ml-l). The rich medium used was The final concentration of sodium azide in standard liquid and solid media was 3 mM and that of 1,2,4-triazole was 10 mM.
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Bacteria. The strains used were derivatives of Salmonella typhimurium LT2 (Table 1) . Genetic techniques. Transduction was performed directly on plates according to the procedure of Loper et al. (1964) , using the int4 mutant of phage P22 (Smith & Levine, 1967) .
The aziA mutants were isolated on minimal or nutrient broth solid media supplemented with 3 mMsodium azide. If minimal medium was used, it was supplemented with 0.5 m-cystine. A few drops of fresh nutrient broth culture (usually 0.25 ml) were spread over the agar plates. After 1 to 4 d incubation at 37 "C, colonies which had appeared were isolated and the resistant clones were purified by single-colony re-isolations on nutrient broth plates. Phage grown on the resistant mutants was used to transduce a leu recipient to verify that the mutation was in the aziA gene.
Measurement of 35S042-uptake. Bacteria were grown in BS medium supplemented with 1 mM-djenkolic acid. Exponentially growing bacteria were collected by centrifugation at room temperature, washed twice with BS medium and resuspended in the same medium supplemented with chloramphenicol (50 pg ml-l) and 1 % (w/v) glucose, to a density of 200pg dry wt ml-l. The reaction was started by adding NazS5SO, (10 pCi; 5 nM) to 2 ml bacterial suspension. After 1 to 5 min incubation at room temperature, samples were taken and filtered through nitrocellulose filters (Selectron, pore size 0.45 pm) which were subsequently washed with a solution containing 0.6% (w/v) NaCl and 5 mM-Na,SO,. The filters were dried and radioactivity was measured in a toluene scintilation mixture.
Measurement of bacterial growth. Growth in liquid cultures at 37 "C was followed turbidimetrically at 650 nm with a Varian-Techtron 650 spectrophotometer. An absorbance of 0.5 was equivalent to 210 pg dry wt bacteria ml-l. The absorbance increased linearly with cell density up to 0.8. In some experiments, growth was followed at the same wavelength with a Spekol photometer. In this case, a transmission of 50 yo was equivalent to 202 pg dry wt bacteria ml-l. The transmission values were converted to cell density using a calibration curve. The bacterial growth on solid minimal media was examined after 24 h, or after 48 h if the minimal medium contained azide.
Preparation of cell extracts. Bacteria growing exponentially in 200 ml minimal medium C supplemented with 1 % (w/v) glucose were harvested at 4 "C by centrifugation. s) and then centrifuged at 12000 g for 40 min. All enzyme activities were determined in the supernatant fractions after passage through a Sephadex G-50 column equilibrated with Tris/HCl or potassium phosphate buffer, depending on the enzyme to be assayed. Enzyme assays. O-Acetylserine sulphydrylase and serine acetyltransferase activities were determined as described by Kredich et al. (1969) . NADPH-sulphite reductase was assayed according to Siege1 & Kamin (1971a) . One enzyme unit is defined as the amount catalysing the formation of 1 pmol product min-l or, for NADPH-sulphite reductase, the oxidation of 1 pmol NADPH min-l.
Protein determination. Protein was determined by the biuret method (Gornall et al., 1949) with bovine albumin as standard.
RESULTS
Sensitivity of aziA mutants to sodium azide AziA mutants ofS. typhimurium isolated on rich media containing 3 mM-azide were unable to grow on glucose minimal media supplemented with the same concentration of the inhibitor. These results indicated that the rich medium contained a component essential for growth and that the synthesis of this component was limited in the presence of azide.
In an attempt to identify this component, aziA mutants were replica-plated on to glucose minimal media supplemented with 3 mM-azide and various amino acids. The presence of serine, cystine or methionine enabled aziA mutants, but not aziA+ strains, to overcome the inhibitory action of azide, indicating that azide may interfere with serine, cystejne or methionine biosynthesis. We therefore tested various intermediates of cysteine and methionine biosynthesis for the ability to reverse the inhibitory effect of azide in liquid minimal glucose medium. All the compounds tested (Table 2 ) increased the growth rate of TK1287 (aziA302) in medium containing azide. The most effective was O-acetylserine Table 2 . Efect of intermediates of sulphur metabolism on the growth of an aziA mutant in the presence or absence of sodium azide Strain TK1287 (aziA302 purA58) was grown in BS medium supplemented with 0.1 m-sulphate and 1 % (w/v) glucose. After 12 h, bacteria were collected, washed with warm BS medium and inoculated into BS medium supplemented with sulphate, glucose and the sulphur compound indicated. The cultures were grown to density of 10 pg dry wt bacteria ml-l. Each culture was then divided: sodium wide (3 mM) was added to one half and the other served as a control.
Growth medium supplement
Sulphate ( followed by cystine and sulphide. The effects of serine, homocysteine, sulphite, methionine and cysteine were less pronounced. These results supported the suggestion that inhibition of growth of the aziA mutants was due to interference of azide with sulphur metabolism. The relatively weak effect of cysteine could be due to its toxic effect on S. typhimurium (unpublished observation). The weak effect of methionine in comparison with cystine suggested that the direct target of azide action is cysteine biosynthesis. The partial reversion of growth inhibition by methionine may be due to a sparing effect on the cysteine pool, A similar effect of methionine has been observed in bradytrophic cys mutants (Quereshi et a!.,
1975).
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Lack of sodium azide eflect on sulphate transport Active transport of various substances is inhibited by azide (Harold, 1972) . Thus, if the transport of sulphate into the cells is reduced in the presence of azide, this could be the primary reason for the shortage of sulphur-containing amino acids. To investigate the possible effect of azide on sulphate transport, we determined the uptake of 35S042-in the presence or absence of azide by strains TKlOOO (Cys+), TK1476 (cysCD519) and TK1514 (cysG382). The cysCD519 mutant is devoid of sulphate-activating enzymes (Dreyfuss & Monty, 1963) and the cysG382 mutant is devoid of the haem component of NADPHsulphite reductase (Siegel & Kamin, 1971b) . Thus, in the deletion mutant cysCD519, the metabolism of sulphate transported into cells is completely prevented and any accumulation of radioactivity represents only the transport process. The data of Table 3 show that azide did not alter the rate of 35S042-uptake. Mutant cysG382 can metabolize sulphate up to the stage of sulphite, but, again, the uptake of sulphate was not reduced by 5 mM-azide (Table 3 ). The fact that the rate of accumulation of radioactivity by wild-type bacteria was reduced by 60% in the presence of azide indicates that it is the metabolism of sulphate and not its transport that is inhibited by azide. Thus, it seems unlikely that the azide-sensitive step in cysteine biosynthesis precedes formation of sulphite.
Inhibitory eflect of azide on the activity of NADPH-sulphite reductase
The activity of NADPH-sulphite reductase in yeast (Yoshimoto & Sato, 1968) and in E. coli (Siegel et al., 1974) is inhibited by compounds such as cyanide, carbon monoxide or arsenite which block the respiratory chain. The affinity of these inhibitors for sirohaem, the prosthetic group of the enzyme, is responsible for the effect (Murphy & Siegel, 1973) . Since azide, being an inhibitor of catalase (Schonbaum & Chance, 1976), may also have an affinity for the haem group, we investigated the possibility that it may interfere with the activity of NADPH-sulphite reductase.
A characteristic feature of this enzyme is its broad substrate specificity; in addition to the natural substrate, it is also able to reduce hydroxylamine and nitrite (Siegel et al., 1974) . Lineweaver-Burk plots for experiments with sulphite and hydroxylamine ( Fig. 1) indicated that azide inhibited the reduction of both substrates. Since the crossing points of the lines did not fall on either of the axes, the azide inhibition apparently was not completely competitive with either sulphite or hydroxylamine. Alternatively, both substrates could be reduced by two distinct enzymes, only one of which was sensitive to azide. The same results were obtained in other experiments in which N ADPH-sulphite reductase activity was measured in the presence of different concentrations of azide with a constant concentration of sulphite or hydroxylamine (Dixon plot). Again, the inhibitory effect of azide was observed with both substrates (data not shown). Substrate and azide affinity constants were calculated from Fig. 1 and from the Dixon plot (data not shown): K, values for sulphite and hydroxylamine were 1 0 p~ and 8-3 mM, respectively, and the Ki value for azide was 2.5 mM. Comparison of these values indicates that the affinity of azide for NADPH-sulphite reductase is intermediate between those of sulphite and hydroxylamine.
Isolation of mutants resistant to sodium azide on minimal media
When attempts were made to isolate azide-resistant mutants on azide minimal plates, none or very few were obtained. All of these proved to be double mutants carrying, in addition to aziA, a mutation unlinked to the leu operon. In contrast, mutants able to grow on azide minimal media appeared with high frequency if aziA strains were used for the selection. The phenotype of the mutants which could grow in the presence of azide on minimal media with sulphate as sole sulphur source was designated AziB.
The inhibition of growth of S. typhimurium by 1,2,4-triazole is mediated through an effect on cysteine biosynthesis (Hulanicka & Klopotowski, 1972; . Mutants resistant to 1,2,4-triazole have lesions in the cysK locus which is about 5074 cotransduced by P22 with cysA and codes for 0-acetylserine sulphydrylase A (Hulanicka et al., 1974) . It was possible that some of the AziB mutants might show cross-resistance to azide and 1,2,4-triazole. When tested, about half of the AziB strains were able to grow on minimal medium plates containing 10 mM-l,2,4-triazole. To characterize them genetically, phage lysates from two such mutants (TK1213 and TK1214) and from the control strain TK1220, isolated as resistant to 1,2,4-triazole, were used to transduce TK1219 (cysA20 aziA311) to prototrophy ( Table 4 ). The AziB phenotype was recovered in about 60% of the Cys+ recombinants from crosses with strains TK1213 and TK1214 as donors, and a similar percentage of CysfAziB recombinants was obtained in the cross with TK1220 as donor. We concluded that the three strains were mutated in the cysKgene and assigned the allele numbers cysK2290, cysK2291 and cysK2293 to their mutations.
The cross-resistance of one of these transductants to azide and 1,2,4-triazole is shown in Fig. 2 . Strain TK1934 (aziA311) was able to grow in the presence of azide or 1,2,4-triazole only if the medium was supplemented with cystine, whereas the growth of strain TK1935 (aziA311 cysK2291) was not inhibited by 1,2,4-triazole, regardless of whether cystine was present. The latter strain grew quite well in the presence of azide without cystine, the growth rate being only 40%) slower than that in the absence of azide. This result is consistent with the notion that the AziB phenotype is due to mutations in the cysKgene. Cultures were grown in minimal medium C with 1 % (w/v) glucose: 0, control; 0 , plus 0-5 mMcystine; 0, plus 2 m -a i d e ; I, plus 2 mM-azide and 0.5 mwcystine; A, plus 10 m~-1,2,4-triazole;
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A, plus 10 m~-1,2,4-triazole and 0.5 m-cystine. Cystine was added as described by Kredich (1971) .
Cross-resistance of a cysB mutant to sodium azide and 1,2,4-triazole The cysB gene product has a regulatory function in cysteine biosynthesis (Jones-Mortimer, 1968a, b ; Spencer et al., 1967) . Most cysB mutants, including those with the gene deleted, are cysteine auxotrophs. Mutant TK1216 (cysB1352) represents a class of constitutive mutants in which synthesis of the enzymes of the cysteine pathway does not require the inducer, 0-acetylserine, and is not repressed by cystine (Kredich, 1971 ). This mutant is resistant to 1,2,4-triazole and selenate (Hulanicka & Klopotowski, 1972) .
We examined the sensitivity of the two isogenic strains TK1208 (cysf aziAf) and TK1216 (cysB1352 aziA+) to 1 mwazide and 10 m~-1,2,4-triazole (Fig. 3) . The doubling time of TK1208 in the presence of azide was more than five times that in its absence, and this strain was unable to grow in presence of 1,2,4-triazole. In contrast, strain TK1216 grew well in the presence of azide or 1,2,4-triazole. These results suggest that growth inhibition in minimal media supplemented with azide is due to cysteine deficiency even in the presence of the aziAf gene product. The results also indicate that not only cysK strains but also the constitutive cysB mutant show cross-resistance to azide and 1,2,4-triazole.
Activity of the enzymes of cysteine biosynthesis in AziB mutants
To characterize in more detail the properties of AziB mutants, the activities of O-acetylserine sulphydrylase, NADPH-sulphite reductase and serine acetyltransferase were determined in extracts of TK1934 (aziA311), TIC1935 (aziA311 cysK2291) and TK1936 (aziA3Il cysK2290) ( Table 5 ). The activity of 0-acetylserine sulphydrylase was decreased, compared with the control strain, to 23 and 12 % in the cysK2290 and cysK229I mutants, respectively.
These results confirm the deduction from genetic analysis of the mutants and prove their identity as cysK mutants. An important feature of cysK mutants is their increased activity of NADPH-sulphite reductase, the enzyme which is inhibited by azide. Similar increases of the enzyme activity in cysK strains have been observed by Hulanicka & Klopotowski (1972) in S. typhimurium and, more recently, by Fimmel & Loughlin (1977) in E. coli.
DISCUSSION
We have found that NADPH-sulphite reductase, an enzyme of cysteine biosynthesis (see Fig. 4 ), is inhibited in cell extracts of S. typhimurium by sodium azide. The inhibition accounts for one of several inhibitory effects on growth of the bacterium. It can be prevented (60) Sulpliate ( by adding cystine or some related compounds to the growth medium. The effectiveness of compounds other than cystine in preventing the inhibitory effect of azide on the growth of aziA mutants can be explained by different mechanisms. The effect of sulphide, which is the product of the sensitive enzyme, is obvious. Since sulphite and azide behave competitively in their interaction with the enzyme, exogenous sulphite supply counteracts the inhibitory effect of azide. For each molecule of methionine synthesized, one molecule of cysteine is used, and so the cell demand for cysteine is alleviated by feed-back inhibition exerted by added methionine on the first enzyme of its biosynthesis (Smith, 1971) , which results in its sparing effect on the cysteine requirement. Addition of homocysteine, a precursor of methionine, could lead to the same sparing effect. The effect of 0-acetylserine may be due to its ability to induce of all enzymes of the cysteine biosynthetic pathway (Kredich, 1971; Hulanicka & Ktopotowski, 1972) . Presumably, exogenous serine increases the concentration of 0-acetylserine within the cells. The same compounds are effective in supporting growth of bradytrophic mutants with defective serine acetyltransferase and reverse the effect of 1,2,4-triazole, another inhibitor of cysteine biosynthesis .
About half of the mutants isolated as resistant to azide map in the cysK gene and have only residual activity of 0-acetylserine sulphydrylase A. The resistance of cysK mutants to 1,2,4-triazole is due to the fact that 0-acetylserine sulphydrylase A catalyses not only cysteine synthesis from 0-acetylserine and sulphide, but also 1,2,4-triazolyl-1 -alanine from 1,2,4-triazole and 0-acetylserine : the latter reaction leads to 0-acetylserine depletion in the bacteria and, in consequence, restricts induction of cysteine biosynthetic enzymes (Kredich et a/., 1975) . In the cysK mutants, the last step of cysteine biosynthesis is catalysed by 0-acetylserine sulphydrylase B, coded by gene cysM (M. D. Hulanicka, personal communication) . Apparently, the other sulphydrylase is not able to produce I ,2,4-triazolyl-1-alanine. The presence of the distinct enzymes for the last step of cysteine biosynthesis explains both the prototrophy of cysK mutants and their resistance to 1,2,4-triazole.
We have demonstrated that our cysKmutants grown on sulphate as sulphur source have an increased activity of NADPH-sulphite reductase. Similar increased activities have been observed in cysK mutants of S. typhimurium (Hulanicka & Ktopotowski, 1972) and E. coli (Fimmel & Loughlin, 1977) . Mutant cysB13.52, in which the cysteine biosynthetic enzymes are not repressible by cystine, does not require 0-acetylserine for their induction and displays increased activities of these enzymes (Kredich, 1971) ; it is resistant to 1,2,4-triazole and also to 1 mw-azide. In the presence of an aziA mutation its resistance to higher azide concentrations is similar to that of double aziA cysK mutants (data not shown). It thus seems likely that the increased NADPH-sulphite reductase activity may account for the azide resistance of cysK mutants.
The increase in the activity of NADPH-sulphite reductase in S. typhimurium cysK and cysB mutants was not more than threefold. Is this sufficient to ensure resistance to azide? In answering this question one should take into consideration that the growth of aziA mutants in the presence of azide and cystine or of aziA cysK mutants in the absence of the amino acid was still slower than that of the mutants in unsupplemented medium. We presume that the effects of azide on other sensitive targets, like DNA biosynthesis (CieSla et al., 1974) , or its interference with energy metabolism limit the growth rate and, therefore, lower the requirement for cysteine.
Several targets of azide inhibitory effects are known. In energy metabolism it inhibits Mg2+-dependent membrane-bound ATPase in bacteria (Roisin & Kepes, 1972 ; Kobayashi et al., 1977) , in yeast (KovaE & Istenesova, 1968) and in isolated animal mitochondria (Bogucka & Wojtczak, 1966) . Azide enhances the rate of proton diffusion across biological membranes and, in consequence, interferes with generation of the high energy membrane state (Harold, 1972) . Moreover, azide inhibits the activity of cytochrome c oxidase activity (Caughey et al., 1976) .
Azide also acts on processes apparently unrelated to the main mechanisms of energy transformation. It inhibits another haem protein, catalase (Schonbaum & Chance, 1976) , and it inhibits bacterial DNA replication both in vivo and in toluene-treated cells (Cieila et a/., 1974) . Azide is also a potent base-substitution type mutagen (Nilan et a/., 1973; McCann et aE., 1975) .
The multiplicity of inhibitory effects of azide may be due either to its high activity or to the occurrence of similar targets in functionally unrelated enzymes. The latter alternative is suggested by the fact that three of the azide-sensitive enzymes -cytochrome c oxidase, catalase and sulphite reductase -contain haem prosthetic groups.
Other relationships between apparently distinct targets of azide effects are also possible. We have found that cysteine prevents the mutagenic action of azide (unpublished results); it is also absent in a class of cysK mutants with defective 0-acetylserine sulphydrylase. The relationship between cysteine biosynthesis and the mutagenic effect of azide is now under study.
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